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FOREWORD

This is the final Technical Documentary Report for ASD
Contract AF 33(657)-8103, summarizing all activities pertinent
to the contract. Essential information included in monthly
status letter reports prepared during the course of the contract
(May 1962 through July 1963) has been incorporated in this
report, so that it may be utilized as a single entity.

The work described was performed, for the most part, by
Donald Koch of the Optics Laboratory, Jam2s Nixon of Thermal
Analysis, and Raymond Wykes of Structural Sciences at the Los
Angeles Division of North American Aviation, Inc. Responsibility

for supervising the program was assigned to Seymour Konopken
(during the early months) and, later, Robert Klemm, under overall

management of R. R. Janssen, Director, Laboratories.

Direction and guidance by the ASD Program Manager, Mr. H. R.
Cedling, and his predecessor, Lt. L. PReynolds, during the contract

period are gratefully acknowledged.
The Contractor's assigned numter for this report is NA-63-T1T.



ABSTRACT

The purpose of this contract was twofold: (1) to attempt laboratory
verification of the analytically predicted effects of environmentally-
stressed windows on photographic image quality, and (2) to perform an
engineering investigation directed toward the more precise determina-
tion of the window environment to be expected in a hypersonic vehicle,
and the feasibility of reducing the severity of such an environment.
Both objectives have been fulfilled. It is recormended that flight
tests be considered in any subsequent program, in order to more closely
simulate the environmental factors which affect window performance. It
is further recormended that research be directed toward the attainment
of a suitable method for direct measurement of temperature distributions
within glass panels.

fublication of this technical documentary rerort does not constitute
Alr rorce approvel of the rerort's findings or conclusicns. It is
published only for the exchange and stimulation of ideas.
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Section X
INTRODUCTION

Photographic reconnaissance has for many years been one of the most
effective means for the collection of intelligence information. With the
advent of supersonic and hypersonic vehicles, the envirommental conditions
to vhich the camera systems are exposed have become more severe. At the
same time, because of the higher velocities and altitudes, the require-
ments for optical quality and precision are more stringent.

The photographic window, separating the camera compartment from the
external enviromment, performs several necessary functions:

(a) It protects the camera from excessive heat.
(b) It helps maintain an serodynamically acceptable moldline.
(c) It acts as a pressure seal for the camera compartment.

It should perform these functions while not adversely affecting the perfor-
mance of the camera.

The heat generated at the skin of a supersonic vehicle is absorbed by
the window. The part of the glass which is nearer the outer surface absorbs
more heat than the inner portions. Since the glass expands as a function
of temperature, the temperature differential through the glass induces a
bowing (bending) of the window. The stressed window then acts as an addi-
tional, unwaated "diffusing lens" in front of the camera, causing distortion
of the image and a general reduction in clarity of the photographs. This
degradation of image quality can mean the difference between effective recon-
naicsance and a wasted mission.

While the effects of stressed windows on photographic image quality have
been analyzed to some extent in the past, little or no experimental verifi-
cation of the phenomena has been attempted. It is the purpose of this con-
tract to perform a laboratory investigation of the effects, and to evolve
design techniques for the partial protection of photographic windows from
the severities of hypersonic vehicle environments.

lanuscript released by the zuthor 30 March 196k for publication as an
RTD Technical Reporte.



Section II
SUMMARY

Results of a research program on photographic windows for use in super-
sonic arnd hypersonic vehicles are presented in this report. Previous analy=-
tical predictions concerning the effects of induced window curvature on
optical quality have been found to be gquestionable. Certain assumptions
upon which the predictions were based were found to be somewhat inadequate,
and the equations were modified accordingly. Good qualitative agreement
between experimental results and the modified theory was then established.

Investigations of several typical aircraft trajectories has yielded
useful information concerning heat transfer through camera windows, tempera-
ture distributions within the windows, and pressure differentials, as func-
tions of time. Particularly for a high-angle and a low-angle re-entry
trajectory for a Dynasoar-type vehicle, a great deal of thermal data was
generated during the program, for evaluation of Dynasoar as a possible re-
connaissance vehicle.

Design criteria and technigues for thermal protection of camera windows
have been evolved. Several designs for camera window mounts suitable for
use in a high-temperature (2500 F) environment are included in this report.
In addition, the efficacy of protecting the window from the thermal environ..
ment has been investigated. Two methods, separation of aerodynamic flow
(recessing the window) and controlled expansion flow (tilting the window)
have been found to be feasible. Controlled expansion flow can reduce the
heat input to the window by 30 to 50 percent, reducing the window temperature

correspondingly.

Concellation of the Dynasoar program negates the usefulness of a
portion of the data presented herein. But the analytical prccedures for
obtaining that data, developed during the course of this contract, are
obviously applicable to the generation of analogous data for other advanced

vehicles.



Section IIX
PROGRAM OBJECTIVES

The general objectives of the program were "to provide for the
experimental verification (or contradiction) of the calculated effects
of supersonic and hypersonic speed on an unprotected photographic windovw,
and to evolve methods of installation and thermal protection,” Reference &.

The specific objectives were as follows:
(a) Literature Survey

(v) Parameter Analysis

Establishment of reliable optical methods for evaluation of photographie
quality.

Selection of photographic missions based on existing or planned vehicles.

Determination of expected window temperature gradients and pressure
differentials.

(c) Verification of Analysis

Experimental determination of the dependence of optical deviation and
resolution on temperature and pressure differences, glass type, shape, and

thickness.

Experimental determination of the dependence of optical deviation and
resolution on boundary layer refraction, shock wave interference, and '+=I.0-

sity.
(d) Design Recomrmendations

Establishment of three mission profiles covering the range of super-
sonic, high supersonic, and hypersonic aircraft.

Desicn of representative window mountings.

Pecor-endations and conclusions based on the results of the program.

- —— —— = A —— - - e mamies ae o —e—

‘l”;xc" objectives of the enéineering program were used for defining the
separate tasks chronologically, end for maintaining schedule control.

Cr;~uizationally, however, the work was divided into four distinct areas
of effort:

A. Aerotlrerirodynanic Analysis
B. Uptical Analysis and Tests
C. Iaainosity Test

D. Structural Design

In collating the results of the program, these organizational subdivisions
provide a clearer perspective of the overall research than doces the chrono-
logical outline, and the technical portion of this report will be subdivided

accordingly.



Section IV
AEROTHERMODYNAMIC ANALYSIS

The theroetical work done by Vidya, Inc., References 1 and 2, and others
has provided tentative data on expected flow characteristics in the vicinity
of an aircraft camera window, and on effects of the presence of the boundary
layer and shock wave on photographic quality. It is the purpose of the pre-
sent work tu supply more definitive information.

A literature search wvas conducted to provide background for this study.
The range of interest was divided into two general rcalms, namely, the hyper-
sonic region above M 5.0 (M is used in this report to indicate Mach number)
and the supersonic regime below M 5.0. The requirements for operation below
M 5.0 are not concerned with structural and material temperature limits, but
rather with the thermal distributions and enviromment which cause distortion
and resolution problems in the camera window. The hypersonic regime has
another order of problems which stem from the thermal limits of the materials
involved as well as the highly excited state of the thermal enviromment along
the surface of the wvehicle ocutside of the window. The theoretical analysis
was directed largely toward the hypersonic problems, since this area is not
as well defined snd appears to impose severe structural and temperature limi-
tations on materials, as well as exhibiting a high-temperature flow field.

Two specific areas of study were pursued, namely, (1) simple methods of
serodynamic protection of the camera window, and (2) calculation of the tem-
perature distribution through a diathermanous material. A diathermanous
material allows radiation exchange directly to and from points within the
matérial. In the case of an opaque material, on the other hand, the radia-
tion exchange is assumed to be solely a surface function.

Two methods of aerodynamic protection have been considered. These are
(1) separation (by means of a cavity), and (2) expansion of the flow over the
window outer surface. The calculated environmental conditions consider a
re-entering vehicle wing with trajectories at two engles of attack, for two
locations on the assumed vehicle, for both laminar and turbulent flow. It
i3 expected that the major points of interest are thereby approximated, and
an estimate of the magnitude of importance of the location, expansion or
separation surface, and type of flow can be made. Other effects, such as
the temzcrature distribution through an edge mount, the heat load to the
camcra coapertment, and the effect of an opaque window versus a diathermanous
window are also considexred. The data -presented compare the aerodynamic con-
ditions vhich may be expected for the trajectories selected. The condition
of turbulent flow at one foot aft of the nose is an unrealistic condition.
However, this curve is included in order to couplete the map of conditions.
It is thus assumed that the actual flow conditions are contained within the
bounds of the conditions plotted. The effects of expansion on the window
surface have teen analyzed by comparing the computed heating rates with
various expansion angles during a hypersonic re-entry trajectory.



TRAJECTORY SELECTION

Three basic trajectories, covering a wide range of vehicle performance,
were selected for study:

1. Supersonic flight at sea level
2. Hypersonic flight at high altitude
3. Hypersonic re-entry

Trajectories 2 and 3 were further subdivided:

2A. X-15 aircraft, flight #2-21 (high-speed)
2B. Typical X-15 high-speed flight

2C. Typical X-15 high-altitude flight

3A. High angle of attack hypersonic re-entry
3B. Low angle of attack hypersonic re-entry

Altitude-velocity curves, defining the five trajectories are shown in Figure 1.
Typical temperature-time histories for these trajectories are given in Figure 2.

Several important flight parameters for trajectory #l are given as func-
tions of time in Figure 3: These include:

(a) Altitude

(b) Mach number

(c) Angle of attack
(d) Dynamic Pressure
(e) Axial load factor
(f) Normal load factor

In this trajectory the convective heating rate and net heating rate, Figure k
and 5 respcctively, are characterized by a single, quick impulse of heat

flux followed by a long period during which the heating rates are very small.
Two graphs are shown in each figure, corresponding to two different points on
the fuseloage, one at the nose and the other one foot aft of the nose. Thermal
enissivities of 0.80 were assumed for the skin material in each case. Calcula-
ted skin temperatures (assuming a thin skin) for each of the two locations
selected are given in Figure 6. At the front of the vehicle the temperature
levels off et about 975 F, while at a position one foot aft of the nose the
tcupcrature is down to 870 F.

Tecoerature-tire histories for a fused silica photographic window during
trajectory ;71 were calculated, and are shown in Figure 7. The window is
assured to be one foot aft of the nose, and its thermal properties are assumed
to be equivalent to an opaque material. This particular window is 1-1/2 inches
thick, and is5 mounted with a columbium-Inconel X edge attachment. Index
numbers on the curves in the upper chart correspond to relative locations
inside the window and mount, as indicated in the lower schematic diagram. It
is secen that the outer surface of the glass never reaches a temperature higher
than 830 F, but a portion of the metal mount may go considerably higher. The
temerature gradient through the window can be determined from curves 1, 2,

4, and 7 of this figure. It varies considerably with time, decreasing as
the inner portions of the glass absorb heat.



Flight parameters for X-15 high-speed flight #2-21 (trajectory 2A
in this report) have been included for information purposes, Figure 8
through 11. The parameters are all given as functions of time, and

include:

Altitude
Mach number
Angle of Attack
Dynamic pressure
Longitudinal acceleration
2 ) Rormal acceleration
g€) Local pressure coefficient

(nose and six feet aft)
(h) Net heating rate

(nose and six feet aft)

(1) Skin temperaturv
(nose and six Zeet aft)

OO Oe
~r

Skin temperature at a point six feet aft of the nose rises steadily to about
900 F in a matter of minutes, then drops rapidly as the aircraft velocity is

reduced.

The flight parameters (Figure 8) for the actual X-15 high-speed flight
have been smoothed in Fipure 12 to define a typvical high-speed flight,
trajectory 2B. These data can then be used to calculate temperature-time
histories of various points within a window, as was done previously for the
supersonic, sea level trajectory #1 (Figure 7). Two thicknesses of window
are considered, 3/8 inch and 1-1/2 inches, Figures 13 and 14 respectively.
Each of the windows is considered to be thermally opajue, and located 12 feet
aft of the nose. Tne window mount is similar in configuration to that of
the vehicle in trajectory #1 (Figure 7), except that titanium can be used
at the lower temperature. It is seen that neither window ever reaches a
temperature above 350 F at the outer surface. It is also obvious that the
terperature gradient through the thicker window is much less uniform than
that of the thinner window, as would be expected.

Fligat parameters for a typical X-15 high-altitude flight are presented
in Fisures 15 through 18, and include:

(a) Altitude
(v) ach number
(¢) Angle of attack
(d) Dynamic pressure
(e) Iormal acceleration
(f) Local pressure coefficient
(two locations)
(g) Net heating rate (two locations)
(n) Skin temperature (two locations)



The two locations on the aircraft considered here are about six feet aft
of the nose and the ventral leading edge. The sudden increase in skin tem-
perature at 300 seconds is due to an increase in velocity at a lower alti-

tude.

The above data vwere all calculated utilizing perfect gas relationships.
These are considered reasonably satisfactory for trajectories 1 and 2, dut
are not realistic enough for the hypersonic re-entries (trajectories 3A and
3B). In trajectories 3A and 3B real gas relationships are used in order to
provide data which should more closely describe the actual local conditions
on the vehicle surfaces in question. The figures are identified according
to the method used. The code TSTP indicates Transient Skin Temperature
Program (perfect gas), Reference 6. The code HASTE refers to Hypersonie
and Supersonic Temperature Evaluation Program (real gas), References T and

1k,

Flight parameters for trajectories 3A and 3B are given in Figures 19
end 20. Both trajectories are considered to have a constant angle of attack,
one being nominally high (50 degrees) and the other low (15 degrees). The
50 degree re-entry, trajectory 3A, is subject to heating conditions cver a
time period only half as long as trajectory 3B, and therefore the heating
problems are not as severe. Typical temperature-time curves to illustrate

this were shown in Figure 2.

Trajectories 3A and 3B are further subdivided by location of the point
of interest on the vehicle, and according to whether laminar or turbulent
boundary layer flow is being considered. Thus 3ALG refers to a point six
feet aft of the nose, with laminar flow, in trajectory 3A (50 degree angle
re-entry). Similarly, 3BTl refers to a point one foot aft, with turbulent
flow, in the 15 degree angle re-entry. In the following paragraphs these
variations are discussed in detail.

NCIDENT HEAT FLUX TO THE WINDOW

Fffect of Window Location

The cffect ol window location along the vehicle surface may be con-
sii2red by referring to Fipure 21, vwhich 1is a graph of ccnvective heating
rates resulting from laninar and turbulent flow, one foot aft and six feet
aft, in the 3A trajectory (50 degree angle of attack). It is observed that,
for bcth the leominar end the turbulent condition, the heating rate is con-
siderably less at the locations farthest from the nose. Locating a photo-
grephic window 2s rar aft as possible, therefore, is of obvious benefit,
particularly in the case of laminar flow where a reduction of more than S0
vercent can be achieved by locating the window at the six-foot position
instcad of the one-foot position. As may be expected when the Reynolds
number is sufficiently low, the maximum heating rate for turbulent flow
is less than that of the laminar at one foot, but is considerably more than

the laminar at six feet.



The 3B trajectories show a considerably different trend in the time
at vhich peak heating occurs. Referring to Figure 1 the 3B trajectory 1is
at much lower altitudes for equivalent Mach numbers. During the early part
of the 3B trajectory, Figure 22, the one-foot aft location with laminar flow
is subjected to the highest heating rate, as in the 3A trajectory. But,
since the 3B trajectory is much longer in duration, and the peak heating
occurs at a lover altitude (and higher Reynolds number), the turbulent flow
soon produces a higher rate than the laminar flow. This is true for both
locations. The maxismum heating rate in the 3B trajectory is, in all cases,

higher than that in trajectory 3A.

Effect of Air Expansion

As stated before, Figures 21 and 22 show a summary of theoretical com-
varisons between heating rates at two locations for two flow conditions, in
twvo trajectories. The vehicle nose redius is considered to be 7.5 inches at
zcro sweep angle. The six foot aft location is most pertinent to possible
photographic window locations. Only the dowaward-looking surface was con-
sidered. In the paragraphs that follow, angles of expansion are listed
with reference to a zero angle such that the surface of interest is parallel

to the vehicle centerline.

Leainar Flow Region

Convective heating rates versus time are presented in Figure 23 for
various angles of expansion from minus ten degrees to plus 30 degrees. The
~10 degree angle is included in order to extend the study to a point on the
vehicle which may be oriented at +10 degrees angle of attack wihen the vehicle
centerline is parallel to the direction of flow. This is represented as a
negative expansion angle. From Figure 23 it is evident that expansion angles
of more than ten degrees result in a significant rcduction in the cunvective
heating rate. The same effect is evident at the six foot aft location,
Figure 24. These are controlled expansions, not separation.

Chapman, Reference 9, has provided a theoretical analysis of heat trans-
fer in regions of sencrated flow. The paper by Larcon, Reference 8, supplies
data for correlation of Chapman's theory for leminar flow seraration heat
transfer. This analysis indicates a theoretical reduction of approximately
44 vercent for two-dirensional bodies, and is apparently independent of the
teaperature of the surface arca teneath the separated boundary layers. The
investigation of Charwat, Reference 10, concurs With the results reported
by Larson for laminar flow if the boundary laycr up-stream of the cavity is
thin. Coroparison of this reduction of % percent in heat flux due to laminar
region separation with thet theoretically available from controlled expansion
is of interest. The theoretically available reductions for controlled expan-
sion derend upon the assurmption that the flow will follow the cxpansion angle
without separation. The exnansion engles plotted are either parallel to or
"see" the oncoming flow. They are not l2rger than the nangle of attack of
the vehicle. This would tend to stabilize the flow and, therefore, make

sevaration less likely.

X



By referring to Figure 23 it 1s seen that a 30 degree expansion angle
is not sufficient to produce a 44 percent reduction in maximum heat flux,
and so this angle of expansion is not as efficient as a complete separation
of flow. It is estimated from cross plots that an angle of approximately
35 degrees would be required, for both the one-foot and six-foot position
in the 3AL trajectory, to provide protection equal to that provided by
separated flow regions. Whether the controlled expansion can provide even
more protection than the fully separated region remains to be investigated.

The heating rates calculated for the 3B trajectory with laminar flow
are given in Figures 25 and 26 for the one-foot and six foot position. For
this trajectory, with an angle of attack of 15 degrees, an expansion angle
of only ten degrees provides a relatively large amount of protection. The
heating rates are reduced by approximately 40 percent. At the six-foot
location an expansion angle of 15 degrees theoretically provides the same
amount of thermal .protection as that which would be expected from a cavity

with complete flow separation.

Turbulent Flow Region

The data of Charwat et al, Reference 10, concludes that the turbulent
heat transfer to a cavity 1s a function of the boundary layer thickness of
the incoming stream. If the boundary layer is thin (less than the depth
of the cavity), the heat transfer is reduced by a factor of approximately
two. If it is thick, the heat transfer can even be increased. The effect
of the expansion angle when the flow is turbulent is shown in Figures 27
and 28, again for a one-foot and a six-foot location, 3A trajectory. It
is quite unlikely that the flow would be turbulent at the one-foot location
during the re-entry time of interest. However, this one-foot turbulent
study shows approximately the same effectiveness in reducing conveclive
heat flux to the surface as that of the six-foot location. Therefore,
the effcctiveness may be assumed to be nearly constant at any location

between one-foot and six-feet aft.

Similar charts, for the 3B trajectory, are shown in Figures 29 and 30.
The same general trend observed in the 3A trajectory is also evident here.
It is interesting to note that, in the 15 degree angle of attack trajectory
3B, a nesative expansion angle shows an increased heating rate, as would
be expected, Figures 25, 29, and 30. But, in the 50 degree trajectory 3A,
a necative exnansion angle shows a lower heating rate than a zero angle
(vhere the window is Ilush with the moldline), Figures 23, 27, and 28. This
may te a result of the particular calculation methods which were selecteq,
since the very large angle of attack combined with an additional expansion
angle plzces the window at an angle of 60 degrees to the oncoming flow. A
reduction in calculuted local velocity ca the surface at this extreme angle
would probably acecount for the recduced heati g rate.

Ccnclusions

The fir:cst order of importance in window protection is the location of
any photogra:nic window as far aft as would be practical. The next order
of importance is to maintain laminar flow over the surface, if possible.



A controlled cxr-ansion flow wonld have an cdivantage over separated flow in
that, should the flow becoxe turtulent, a scall angle of exransion is quite
effective in reducing heat flux to the window. This 1is especially true
during the low-engle re-entry (33), which requires a greater amount of pro-
tection over a longer seriod of time than the high-angle re-entry (3A)
trajectory. If the window could be made variable in angle, to keep it more
nearly parallel to the ground at all times, window heating rates could be
maintained at a more conctant level.

OUTSIDE SURFACE PRESSURE ON WINDOW

Local pressures were computed by a modification of Cresger's method
Reference 11, which includes blast wave and boundary layer convections.
The adequacy of this method for descriving the actual situation is discussed
in Reference l4. The following calculated results were obtained.

The effect of location of the window upon the local pressure along the
wing surface is shown to be neglicible, within the considerations of this
study. This may be seen by comparison of 3AL12YH and 2AIA2H in the left hand

chart of Figure 31l.

The effect of local expansion angle uvon this local pressure is con-
siderably more pronounced, as seen in the right hand chart of the same
Figure 31. These curves show locel pressure vs. time at a point six feet
aft of the nose, in a laminary flow 3A trajectory. The pressure may te
theoretically reduced to one-fifth the flush value by using an excansion
engle of 30 degrees. The same effect holds true for the laminar 3B trajec-
tory, Figurc 32. The effect of expansion is even more pronounced in this
trajectory. 1In addition, it is advantageous to place the window as far aft
as prossible, es seen by comparison of the one-foot and six-foot pressure
curves in the left-hand chart (Figure 32).

TEIMPERAURE COF VIITDOA

Maxirr:a heating rates ozd window teuncratures for hypersonilce re-ontry
trajecctories A und 3B have teen tavulated for convenience in Table I. The
rost likely window locations are aft of the one-foot ccndition. The flow
at one foot aft would not ve exnected to be turbulent for the re-entry condi-
ticns conciderad. Tt these data do allow an estircate of the limitations
that cust te exercised upon the vehicle flight path in order to keep the local
window t.ireratuvres {rom teeoming excessive.

Tae doata in Tekle I indicite thet the longer duration, low arngle of
ettack re-entry trajectory (38) is cheracterized by a wuch higher heat flux
and hizher raxirua window temperature than the shorter duration, high
argle trajectory (3A). The temperature of an unprotected diatherwanous
window re-entering along a 3B trajectory would theoretically reach a tem-
perature atove the nouainal 1imit of 2000 F which is considered to be the
1rmatimim safe texperature for fused silica in this study. This zaxizum
ternmerzture may be reduced, theoretically, »r locating the window at a ten
decgree exransion angle. In Table I, 33T6§ 15 a ten degree surface, and the
maxivum window temperature is less tran 1600 F.
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Because of the longer machine time reguired to run the diathermanous
analysis, the aerodynamic comparisons were made with an opaque glass
analysis. It is expected that the approximate relationships between the
opaque and the diathermanous methods of analysis would hold true through-
out the whole spectrum of this study. Therefore, direct comparisons have
been made for a minimum number of diathermanous calculations. The diather-
manous temperature analysis machine program, Reference 7, was based on the
theory of Gardon, Reference 13.

High Angle Re-entry

Typical temperature-time distributions through an opaque fused silica
window are given for the 3A trajectory, Figures 33, 34, and 35. These are,
respectively, laminar one-foot, laminar six-foot, and turbulent one-foot
flow conditions. The schematic window mounting shown is similar to that
assumed for the supersonic, sea level trajectory. In each of the figures,
the temperature gradient through the glass 1s seen to increase with time
until 3000 seconds after start of re-entry, at which point the vehicle
velocity is reduced to M 10. The outer surface temperatures for these three
trajectorics have been replotted in Figure 36, together with data for the
turbulent six-foot flow condition. The same trends noted for the heating
rates are reflected in the cowputed temperatures. For further comparison,
a crossplot of teamperature vs window location has been drawn for both
laminar and turbulent flow, Figure 37. Again, it is obvious that window
temperature can be reduced by locating it as far aft of the nose as is

practicable.

The effect of expansion angle on window surface temperature is illus-
trated in Figure 38, which is typical of the data that could be plotted for
ecch flow condition and surface location. This particular graph is for a
six-foot aft position, with turbulent flow. The effect of expansion angle
upon maximum window temperature for other flow conditions may be determined

from Table I.

A more graphic presentation of the effectiveness of expansion angle in
rcducing window temperature is given in Figure 39. Here the reference is
a {lush window, and reductions in temperature are plotted with time, for
various exvansion angles. A ratner large expansion angle (30 degrees) is
recuiired to produce an appreciable amount of thermal protection. This chart
is for a ;5;3 condition (turtulent flow, six feet aft). A crossplot, Figure
0, shows ti eifcctiveness of expansion angle for other flow conditions, at
e tire of maxinuz window temperature. The four curves were derived for
s2qLe windows. Tne single point below the curves illustrates the effective-
€3 of ex;yansion 2nsle for a diathermanous window. The protection appears
to be greater for tiie diathermanous window, but it should be noted that the
raximim surface temperatures are higher for diathermanous than for opaque

wincows, as will te seen presently.

Tvoical temrerature-time distributions, calculated one-dimensionally
+urse~h 2 A1ati ranous window, are shown in Figures 41, 42, and 43. These
SRE 5 .eg;-u,iveLJ, turbulent flow with flush window, turtulent flow with a
30 éogree expansion angle, 2nd laminar flow with flush window. Figure 43 1is
directly commwarable with Figure 34, which represents the same conditions except

with 2 the:rmally opzque window. The window temperatures derived from
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diathermanous calculations are some 200 F higher. A crossplot of Figures
41 and 42 is given in Figure Ui, where typical temperature distributions
through the window are shown at (1) the time of maximum temperature differ-
ence, and (2) the time of maximum surface temperature, for both flush and
30 degree expansion angle conditions. As additional information, Figure 45
compares the temperatures of diathermanous and opaque windows directly.

In all cases the diathermanous is hotter.

Low Angle Re-entry

Typical temperature-time distributions through an opaque fused silica
window are given for the 3B trajectory, Figures 46, 47, and 48. These are,
respectively, laminar one-foot, laminar six-foot, and turbulent one-foot
flow conditions. The equivalent graphs for the 3A trajectory are Figures
33, 34, and 35. In each of the figures the temperature gradient is seen
to increase with time until 6000 seconds after re-entry. The outer surface
temperatures for these three trajectories have been plotted in Figure 49,
together with data for the turbulent six-foot flow condition.

The effect of location along the surface is, in this trajectory, quite
similar to that of the 3A trajectory. As shown in Figure 50 the maximum
window temperature becomes lower as the location of the window 1s moved aft.
Here, however, the two curves never cross.

The effect of local expansion angle upon temperature difference at
maximum temperature is shown in Figure S1. As mentioned tefore, the dia-
thermanous calculations would indicate a somewhat greater effectiveness than
the opaque calculation, but this should be weighted against the higher maxi-
mum teomperature of the diathermanous window. The completely different shape
of the curves for this trajectory (compare Figure 40 for the other trajec-
tory) is due to the greetly different angle of attack. In this trajectory
an increase in the angle serves to increcease the velocity and, therefore, the
heating rate to the surface is also raised. The negative expansion angle
produces the seme effect. In the 3A trajectory with its 50 degree angle
of attack, on the other hand, an increase in angle only brings the surface
in question to an angle which is closer to the stagnation region. (The
model under consideration is a two-dimensional blunt wing of constant radius.)
The result i1s a greatly reduced local velocity which, in turn, reduces the

heat transfer rote.

The temcerzture-tize distribution tkrough a diathermanous window, six
fcet aft, with turbulent flow, is given in Figure 52. The window is flush with
the moldline. At the time of peak temperature (2100 F) the temperature
difference through the window is approximately 550 F. As shall be proved
in subsequent sectiions of this report, photography througn such a window 1s
alost impossible. The point to be made in Figure 52 is that the thermal
environzment is so severe that the structural integrity of the window would
be extremely difficult to maintain, without protection. Fortunately, such
protection is feasible, by means of controlled-expansion flow. Figure 53
shows the remarkable reduction in temperature that can te achieved by
tilting the window to produce a ten degree expansion angle. The outer
surface temperature is reduced by some 530 F, the inner by 340 F. The

12



temperature difference through the windov is reduced by 150 F (30 percent).
This improvement may not be sufficient to guarantee good photographs, but
the structural problems have been diminished significantly.

A direct comparison of the instantaneous distribution through the glass,
at the times of maximm temperature and maximum temperature difference, is
presented in Figure Sk, for both a flush windov and a ten degrve expansion
angle (cf. Figure Ui for equivalent data on trajectory 2A). Using the same
location, six feet aft, but with laminar instead of turtmlent flowv, distri-
butions through a diathermanous window are given for verious specific times
after start of re-entry in Figure 55. These are shovn in cowparison with
opaque window data, so that the difference in the two computational wmethods
may be appraised. Figure 55 illustrates quite readily the greater tempera-
ture difference, lower maximum temperature, and linear temperature distri-
bution at equilibrium, all of which are characteristics of the opaque method

of calculation.

Thermal Lag

The time lag of teuperature rise in various parts of the window can be
grossly evaluated by comparison of temperature-time distributions as shown
in Fipure 43. A special machine run was made to evaluate this lag for a
specific set of conditions. Both the opaque and the diatherwmanous window
vere assumed to be normalized at 600 R and instantly subjected to a heating
rate of 4.25 BTU/sec ft2. This approximates the maximum heating rate of
the 3AL6 trajectory. The outside surface temperature-time histories and
instantaneous distributions through the glass at 1000 seconds and 5000
seconds are shown in Figure 4s. In neither case can the distribution through
the diathermanous window be adequately described by the opague analysis.
The outstanding characteristics of the opaque analysis are internal lag at
the 1000 second mark and straight-line equilibrium temperatures at the 5000
second mark. The diathermanous calculation shows a steeper temperature
gradient at each surface in both cases, and still presents a lower over-all
temperature difference. The maximum outer surface temperature of the dia-
thermanous material also reaches a much higher value at stabilization than
the onaque analysis would predict. This is explained by the fact that the
opaque analysis neglects the radiant exchange of energy within the material

itself.

COMFARTHMENT HEAT TRANGFER

The machine program written for this study wade provision for the
investigation of various methods of cooling the inner surface of the window.
These investigations were not pursued, because of budget limitations. How-
ever, some understanding of the relative importance of such a study may be
obtained by observing the effectiveness of controlled expansion flow on
the rate of heat transfer to the camera compartment. Figure 56 shows the
relative transfer rates for expansion angles of zero and ten degrees, in a
38‘1‘6 trajectory. It is seen that the heat transfer rate is reduced by
more thon 50 percent, during the entire trajectory, vhen the ten degree

expansion is utilized.
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CONCLUDING- REMARKS

The analysis presented here is an example of the type of aerothermo-
dynamic study which can be provided for any specific vehicle. The machine
programs which have been developed are not restricted to the conditions con-

sidered for this study.

If a particular vehicle and mission were specified, a more definitive
selection of glass type and thickness could be made. The heat transfer to
the compartment, and the weight of the window, could be optimized,and the
reduced teumperature gradients would provide an improvement in photographic

capabilities.

Protection of the window by means of controlled expansion flow has been
shown to be feasible on a theoretical basis. It would be valuable to investi-

gate this further in laboratory tests.

Protection of the window by means of separated flow can be accepted
as feasible for a laminar flow field, but the turbulent case is less easily
defined. Laboratory tests might be extended into the realm of basic data
on the effects of local surface deflections on heat transfer.

These studies have been largely confined to a blunted two-dimensional
wing problem. The specific flow characteristics of a three-dimensional body

will not necessarily produce the same results.
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Expansion (Q) g Columo. Inconel Opagque ‘Diathermanous ~

Angle 2 Fraaxe Thin Skin Glass Glass ¥
TraJ. </ BTU/SZC-FT Au*mmvamx °R Aemuevgmx °R Aamuvamx °R ﬁamvspa R Comment
3AL12 0 9.374 1978 2247 2036 Not likely
3 10 9.059 2011 window locatlon
5 20 8.032
6 30 6.555 1824
3AT12 0 8.416 1908 2206 1963 Not feasible
3 10 8.120 flow condition
5 20 6.892
6 30 5.119 1698
3AL62 0 4,098 1510 1806 1538 1741
3 10 3.904 1503
5 20 3.405
6 30 2.649 1315 1619 1323
3AT62 0 5.922 1738 2015
3 10 5.557 1703
5 20 4.555 1591
6 30 3.128 1181 1739 1410 1540
3BL12 0 14,443 2216 2461 2276 Not 1likely
3 10 11.297 2124 window location
4 15 10.713 2090
3BT12 0 19.219 2396 2629 2456 3117 Not feasible
m 1C 13,5494 flow condition
15 12.553 2190
3IBL62 0 4,724 1665 1896 1703 2066
3 10 2.942 1475
4 15 2.575 1419
36762 0 10,304 2073 2572
m 10 .113 1386 1904 1710 2041
15 .207 1628
Table 1

Hypersonic Heating Rates and Temperatures
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Figure 11 Trajectory 2A Fuselage Thin Skin Temperature Ver
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Laminar Flow,

Figure 26 Trajectory 3BL6 Convective Heating Rates Versus Time,
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Figure 29 Trajectory 3BTl Convective Heating Rate Versus Time,
Turbulent Flow, One-Foot Aft, on Wing Surfaces at
Various Local Expansion Angles (HASTE)
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Figure 41 Trajectory 3AT62D Temperature

Through a Diathermanous Fused Silica Window,
Thick, Iocated Six-Feet Aft, Flush with Lover Wing
Surface, Turbulent Flow
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Figure 43 Trajectory 3Al62D Temperature-Time Distribution Through
a Diathermanous Fused Silica VWindow, 1 1/2" Thick,
located Six-Feet Aft, Flush with lower Wing Surface,

Laminar Flow
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Figure 44 Temperature Distribution Through a Diathermanous Fused
Silica Window, 1 1/2" Thick, Located Six-Feet Aft,
Turbulent Flow at Instant of Maximun Temperature
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Temperature of Outer Surface. 3ATO TrajJectory
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Figwwre 47 Trajectory 3BLO2E Temperature-Time Distribution
Throuch an Opaque Fused Silica Window, 1 1/2"
Thick, Mounted as Shown, Located Six-Feet Aft,
Tlush with Lower Wing Surface, lLaminar Flow
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Filgure 48 Trajectory 3bBT12E Temperature-Time Distribution
Through an Opaque Fused Sillca Window, 1 1/2"
Thick, MHounted as Shown, Located Onc-Foot Aft,
Flush with lower Wing Surface, Turbulent Flow
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Filgure 49

DIRECTION OF
AIRSTREAM

4 k.4 < 5 6 7 & 4
Suinary of Trajectory 3B Temperature Versus Time on
Outcr Surface of an Opaque Fused Silica Window, 1 1/2"
Thiciz, Locatcd Onz<Foot and Six-Feet Aft, Flush with
Lover Wing Surrace, Lamirnar and Turbulent Flow
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Figure 54 Temperature Distribution Through a Diathermanous Fused
Silica Window, 1 1/2" Thick, Located Six-Fcet Aft,
Turbulent Flow, at Instant of Maximum Temperature
Difference Through the Window and at Maximum Temperature

of Outer Surface. 3BTG Trajectory
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Section V

OPTICAL ANALYSIS AND TESTS

SECTION SUMMARY

Previous theoretical work yielded tentative predictions of the amount
of bending induced in «n aircraft cazera window due to temperature gradients
and pressure differentials arising from the aerodynamic environment. The
effects of window curvature on photographic image auality have also been
studied. The purpose of the present work is to verify or refute the analy-
tical predictions on the basis of laboratory measurements of the optical
effects produced by controlled changes in window curvature, and extend the

analytical work if necessaxry.

It had first to be determined whether laboratory measurements could
feasibly be utilized as a valid test of the theory. In actual flight,
photographic resolution 1is the end product of the degrading effects of a
great many factors. They include target configuration, heat waves emanating
from the target, atmospheric turbulence and weather, air turbulence near the
aircraft, structural properties and temperature of the window itself, camera
compartment environment, camera design, film characteristics, and experience
and Judgment of the photointerpreters, to name a few. In the laboratory,
the attempt is made to keep all parameters except one fixed, and to vary
that one in a controlled manner. Also the measurement must utilize a sensor
other than the high acutance camera used in the aircraft, and the relations
between the laboratory sensor and the film-camera sensor must be clearly
defined. The first part of the present study, therefore, was directed toward
establishment of a suitable test procedure, analytical Justification for this
procedure, and specification of the quality required of the glass test panels.

The actual testing was divided into two parts, the measurement of optical
deviation resulting from an induced window curvature due to pressure differen-
tial and the measurement of optical deviation resulting from an i.aduced
curvature due to a temperature gradient through the window along the line of
sight. Pressure differential tests were made by placing small collimators
inside a pressure vessel and viewing them with an external collimator as
the vessel pressure was changed. In these tests the glass test panels were
held at room temperature and with no temperature gradient. Temperature
gradient tests were made by subjecting one surface of the panel to a radia-
tive heat source, and viewing the deviation of a collimated beam as the tem-
perature and gradient were altered. Initial results showed wide disagree-
ment with the available theory. It became necessary to modify the assuwmp-
tions used in the early analysis to obtain correct results. This was accom-
plished near the end of the project, and the experimental results show

qualitative agrcement with this later theory.

DISCUSSICN OF WINDOW QUALITY

Required Tect indow Cuality

As part of the laboratory verification of effects on photographic irage
quality of paraceters such as thermal gradient, pressure differential, and
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shock wave luminosity, it was recessary to utilize glass test panels which
may not be of the same quality as those used in actual aircraft. There are
two basic methods of establisning the relationship between the degrading
factors and the resultant image quality:

gl; Comparison of resolution

2) ! asurement of deviation
The first method is based on visual comparison of vthotograrhic images of
bar charts specifically designed to permit subjective evaluation, or alter-
natively, the photometric scanning of photographic images of sine wave
charts, resulting in a quantitative assessment of resolution capabilities.
These techniques would be useful in evaluation of large differences of
resolution resulting from the total effect of all factors contributing to
the degradation. The second method, determination of deviation of light
rays at selected points of a glass test panel, was proposed by the Contract-
or as a sensitive measure of the effects of individual environmertal factors,
Reference 5. Becruse of this sensitivity, however, the question arises as
to how closaly the test window must simulate the optical quality of operation-
al photographic windows, in order that the experimental data may be validly
extended to window design.

The glass ordinarily specified for use as a vphotographic window in Air
Force programs is required to meet or exceed the optical quality prescribed
in Military Specification MIL-G-1366, "Glass, Window, Aerial Photographic."
The specification stipulates, among other things, the following optical

characteristics.

(a) A surface finish equivalent to that typical of high
grade plate glass.

(v) A wedge tolerance ranging from 4 arcseconds to 6
arcminutes, depending on the application and to be
specified by the procuring activity.

(¢) No striae visible when observed-at distances from
1/2 to 1-1/2 meters, depending on the wedge tolerance.

(d) No bubbles larger than 1/32 inch in diameter.

(e) For Group M glass only, a flatness of one wave length
per 6 inches diameter area.

The characteristics of importance, which wmight set apari such glass from
selected plate glass, are parallelism and index variations.

In the work that follows, the precisc amcunt of flatness and freedom
from inhomogeneity is determined for windows used in conjuctilon with high
resolution aerial photographic cameras. This work served as an initial
starting point for definiug the quality of the glass. The work was com-
pleted in the early stages of the program and was developed only to give
an indication of the gquality nccessary for good optical images. ILater
analysis was necessary to establish the exact quality needed for laboratory

work.
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Variations in index and parallelism can be accounted for as contri-
buting power to the optical system. These defects would cause defocusing
of a certain percentage of the energy incident upon the optical system.
By studying these variations in an interferometer, it can be determined how
much power will be contributed and what percent of the energy will be effected.
It should be noted at this time that the effect of a window on an image form-
ing system depends upon the type of system involved and the quality of the
image. An exact analysis of the optical effccts of a window on the image
forming ability of a photographic lens is a function of the characteristics
of the lens. Thus it becomes necessary to evaluate a great many parameters

before exact analysis can be performed.

In the mathematical analysis that follows, the effect of adding power
to an optical system is investigated. From the results of this investiga-
tion, the amount of power that can be tolerated will be determined. In the
absence of precise data about the optical system in use, several assumptions
will be made about the lens, and the image forming capability of the lens:

(a) It will be assumed that defects in the glass are small in
character, and that the total effect of all of the defects
in the window can be trecated as if it were the result of
placing several very long focal length thin lenses, which
vary in pover between selected limits, in the optical path
(this is identical to adding power to the system).

(b) The fo:m of the energy distribution of a point response in
the image plane will be assumed to be gaussian both for
the photogravhic lens and the effect resulting from the
window. This assumption is made to facilitate analysis.
In general, the energy distribution can only be found for
a specific lens, and may differ considerably from that of
a gaussian function (especially for off axis images).
ilowcver, near the axis the gaussian function serves as
a good approximation to the image energy distribution
even for diffraction-limited systems (provided one does
not consider the secondary maxima). This assumption may
have uore validity for the effects rcsuliing from the
window defleccts, since these will be, in all probability,

rarrdom in nature.

Deeczus? of the number of parameters involved, a graphical presentation
will be o-riz Jor ol rocteristic parametric values,

To tegin, let us find what the effect of adding power is. To do this,

let the winiow have an equivalent focal length of f,, , the lens have a focal
length<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>